A glycosyltransferase GT BP1 from Bacillus pumilus BF1 was isolated. Efficient production of ponasterone A was achieved by the recombinant E. coli/gt BP1 in a biphasic system with a molar yield of 92.7%. This in situ product removal provided the "driving force" for shifting the reaction equilibrium towards the synthesis of the product.
Ponasteroside A (ponasterone A 3-b-D-glucopyranoside) is the glycoside of ponasterone A, 9 which is abundant in Brainea insignis. 6 Otaka reported that the stimulatory effects of ponasteroside A on protein expression in mice were lower than those of ponasterone A. 10 A biocatalytic approach was shown to be an efficient strategy for steroid preparation from the steroidal glycoside owing to its high selectivity, mild reaction conditions, and environmental compatibility. Diosgenin could be produced through biotransformation of Dioscorea zingiberensis 11 or through biotransformation of zingiberen newsaponin.
12 Additionally, dioscin could be prepared through biotransformation of steroidal saponins, and progenin III (prosapogenin A of dioscin) could be prepared through biotransformation of dioscin. 13 To the best of our knowledge, there are no reports on the enzymatic preparation of ponasterone A.
In this study, we reported the enzymatic preparation of ponasterone A from ponasteroside A for the rst time. Bacillus pumilus BF1, a newly isolated bacterium, showed high activity in converting ponasteroside A to ponasterone A. The glycosyltransferase GT BP1 was cloned and expressed efficiently in E. coli BL21. With the strategy of in situ product removal (ISPR), efficient synthesis of ponasterone A catalyzed by recombinant E. coli/gt BP1 was successfully achieved. The successive production of ponasterone A was also discussed.
Ponasteroside A was reported to be abundant in the rhizomes of Brainea insignis 6 and used as the main carbon source in screening medium. To obtain the target microbes, soil samples were collected from Brainea insignis gardens. Approximately 36 strains with the ability to biotransform ponasteroside A were screened from 200 samples. The strain BF1 was selected for further research because of its high transformation efficiency, and Bacillus pumilus was identied based on the 99% homology of 16S rDNA with that of B. pumilus MTCC B6033.
The effects of various inhibitors on the deglycosylation of ponasteroside A suggested that a glycosyltransferase (GT BP1 ) from Bacillus pumilus BF1 was responsible for the deglycosylation of ponasteroside A. The sequence of GT BP1 from Bacillus pumilus BF1 was cloned based on that of the glycosyltransferase in the typical strain Bacillus pumilus MTCC B6033. The open reading frame (ORF) of GT BP1 from Bacillus pumilus BF1 consisted of 1170 bp and encoded for 390 amino acid residues (accession number: KX523795.1). GT BP1 shared 99% homology with the putative glycosyltransferase (accession number: AHL72923. The supernatant of recombinant E. coli BL21/pET-28a-gt BP1 (abbreviated as E. coli/gt BP1 ) lysate was analyzed by SDS-PAGE, resulting in a prominent band with an apparent molecular weight of about 47 kDa (Fig. S4 , ESI †), consistent with the fusion of GT BP1 with a His-Tag at the N-terminus. The supernatant of the lysate exhibited the ability for deglycosylation of ponasteroside A into ponasterone A with the addition of UDP, whereas no bioconversion occurred using the supernatants of E. coli/ pET-28alysates.
Glycosyltransferases (GTs), an essential class of ubiquitous enzymes, are generally perceived as unidirectional catalysts that drive the formation of glycosidic bonds from nucleotide diphosphate sugar (NDP-sugar) donors to aglycon acceptors. 16 Some GTs, such as CalG1, GtfD, GtfE, and PcOGT have also been used to catalyze the deglycosylation of calicheamicin g1, vancomycin, vancomycin 6-azidoglucose, and phlorizin, to produce their aglycons, respectively.
14,15 Although ponasterone A could be chemically prepared through acidic hydrolysis of ponasteroside A, our preliminary experiments showed that a low yield of product was obtained owing to instability of the substrate and product (data not shown). The vicinal diols of ponasterone A and ponasteroside A would be feasible to facilitate pinacol rearrangement in such environment. 17 The mild enzymatic deglycosylation of ponasteroside A would be a potent competitor for the preparation of ponasterone A.
Ponasterone A was prepared from ponasteroside A by E. coli/ gt BP1 in buffer. As shown in Fig. 1 , the yield reached 47.5% at 24 h and 75.1% at about 48 h. However, the yield declined aer 48 h, and no substrate was detected aer 48 h. These results suggested that product and substrate were degraded by some enzymes from the recombinant cells.
The in situ product removal (ISPR) process has many advantages in thermodynamically controlled synthesis with extraction of products. 18 The partitioning behavior of the substrate and the product between the two-phase media was considered the key element for ISPR. 19 The partition coefficients of ponasterone A and ponasteroside A in the presence of various solvents with log P ranging from 0.16 to 2.2 and the effect of solvents on the yield of ponasterone A were investigated ( Table  1) . The high yield (92.7%) of product was achieved in 24 h when ethyl acetate was used as the organic phase with a phase volumetric ratio f organic/aqueous of 2 : 1. The high stability of E. coli/ gt BP1 cells in the biphasic system was observed, although the free GT BP1 was relatively sensitive to the tested solvents (Table  S1 , ESI †). The solubility of ponasterone A and ponasteroside A in buffer were measured as 0.178 and 3.850 mg mL À1 , respectively. The solubility of ponasterone A and ponasteroside A in ethyl acetate are 5.431 and 0.767 mg mL À1 , respectively. The concentrations of product and substrate were detected in buffer and solvent layer respectively, and the results were calculated as total concentrations in buffer (Formula 1, ESI †). Fig. S5 † shows the signicant effect of phase volume ratios in the two-phase systemon the yield of product. The product yield was very low in a reaction system with the f of 1 : 1 due to severe emulsi-cation under vigorous shaking. The highest yield was achieved with the f of 2 : 1. The ISPR system accelerated the deglycosylation of ponasteroside A and shortened the process of the reaction. The technique of ISPR contributed to reducing the degradation of the product and substrate, 20 making it easy to recover the products.
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The time courses of ponasterone A preparation in buffer and the ethyl acetate-aqueous biphasic system are shown in Fig. 1 . The yield of ponasterone A was signicantly increased in the biphasic system; the molar yield was more than 50% at 10 h, whereas only 47.5% yield was observed at 24 h in buffer. The molar yield reached 92.7% in the biphasic system at 24 h, without an obvious decrease until 60 h. The preparation of ponasterone A was markedly improved when the product was extracted into ethyl acetate, which not only shied the reaction equilibrium towards the synthesis of the product, but also shortened the reaction and minimized the degradation of substrate and product. Mass transfer (extraction of the product by ethyl acetate) was considered as a main "driving force" for the efficient synthesis of the products. Fig. 1 Time course for ponasterone A preparation from ponasteroside A by E. coli/gt BP1 in buffer and in aqueous-organic biphasic system. The concentrations of product and substrate were detected in buffer and solvent layer respectively, and the results were calculated as total concentrations in buffer. Successive production of ponasterone A was achieved using the fed-batch strategy. Since substrates inhibited the GT BP1 at concentrations higher than 0.5 mM, the reaction was carried out by keeping the concentration of substrates below 0.5 mM through fed-batch cultivation with the substrate. The preparation of ponasterone A using the fed-batch strategy was carried out. A high concentration of ponasterone A (2.80 mM, 1.30 mg mL À1 ) was produced aer eight-batches loading with a molar yield of 89.8% (Fig. 2) . The slight decrease of deglycosylation of ponasteroside A from the h to the eighth batches could be in the charge of the accumulation of ponasterone A in buffer layer, and the efficient production could be continued with the exchange of fresh solvent layer. The product was directly concentrated in the solvent layer, and the purication was simplied. The collected solvent was evaporated, and the powders of product ponasterone A were obtained, resulting in a purity of 98.5%. The identity of the product was conrmed by mass spectrometry (MS; Fig. S2 †) and nuclear magnetic resonance (NMR; Fig. S3 †) . The efficient preparation of ponasterone A with ISPR using a fed-batch strategy prevented substrate and product inhibition, promoted product accumulation, and simplied the downstream process, thereby making the synthesis more amenable to scale-up.
Conclusions
Ponasterone A is a potential inducer mediating p53 gene therapy in tumors. The bacterium Bacillus pumilus BF1, with considerable activity in the deglycosylation of ponasteroside A into ponasterone A, was isolated. The glycosyltransferase GT BP1 from strain BF1, which exhibited an apparent molecular weight of 47 kDa, was cloned and expressed in Escherichia coli BL21. Efficient production of ponasterone A by the recombinant E. coli/gt BP1 in a biphasic system was achieved with a molar yield of 92.7%. This in situ product removal provided "driving forces" for shiing the reaction equilibrium towards the synthesis of the product, markedly accelerated the production of ponasterone A, and minimized the degradation of the substrate and product. Successive production of ponasterone A was obtained, with a total yield of 89.8% using the fed-batch strategy. Through these strategies, ponasterone A was signicantly concentrated and simply puried.
